Abstract This study was performed to characterize coronary plaque types by optical coherence tomography (OCT) and intravascular ultrasound (IVUS) radiofrequency (RF) data analysis, and to investigate the possibility of error reduction by combining these techniques. Intracoronary imaging methods have greatly enhanced the diagnostic capabilities for the detection of high-risk atherosclerotic plaques. IVUS RF data analysis and OCT are two techniques focusing on plaque morphology and composition. Regions of interest were selected and imaged with OCT and IVUS in 50 sections, from 14 human coronary arteries, sectioned post-mortem from 14 hearts of patients dying of non-cardiovascular causes. Plaques were classified based on IVUS RF data analysis (VH-IVUS TM ), OCT and the combination of those. Histology was the benchmark. Imaging with both modalities and coregistered histology was successful in 36 sections. OCT correctly classified 24; VH-IVUS 25, and VH-IVUS/OCT combined, 27 out of 36 cross-sections. Systematic misclassifications in OCT were intimal thickening classified as fibroatheroma in 8 cross-sections. Misclassifications in VH-IVUS were mainly fibroatheroma as intimal thickening in 5 cross-sections. Typical image artifacts were found to affect the interpretation of OCT data, misclassifying intimal thickening as fibroatheroma or thin-cap fibroatheroma. Adding VH-IVUS to OCT reduced the error rate in this study.
Introduction
Pathology studies have demonstrated that most of acute coronary syndromes originate from vulnerable plaques [1] [2] [3] [4] [5] . Such lesions have a mechanically weak cap, consisting of a thin fibrotic layer that is infiltrated by macrophages, overlying a lipid-rich necrotic core [1, 6, 7] . The current challenge is to specifically identify plaques that exhibit these characteristics in vivo [8] . Clinical diagnosis may benefit from complementary information gathered by different imaging modalities, as the sensitivities of the technologies to specific aspects of the anatomy may differ and confounders are likely to be technologyspecific [9] [10] [11] [12] [13] [14] .
Grayscale Intravascular Ultrasound (IVUS) has since long been a standard diagnostic tool in cath labs worldwide, and intravascular Optical Coherence Tomography (OCT) looks set to become one as well [12, [15] [16] [17] [18] . IVUS radio frequency (RF) data analysis adds plaque composition information to the grayscale images, which may help to distinguish high-risk lipidrich necrotic plaques from other types of plaques [19] [20] [21] . IVUS RF data aims to provide quantitative information on plaque composition classifying plaque as fibrotic, fibrofatty, necrotic core or dense calcium, based on spectral analysis of the RF signal [11] . Criteria have been formulated to detect thin-cap fibroatheroma (TCFA), but as a standalone technique it is not able to recognize this type of lesion because of its limited resolution ([250 lm) [14, [22] [23] [24] .
Optical coherence tomography (OCT) generates real time tomographic images from backscattered infrared light with a high resolution (10-15 lm axial) [12, 25] . Its resolution allows direct imaging of a thin fibrous cap. Limitations are the small depth of penetration (approximately 1-1.5 mm) and the need to clear blood from the imaged artery [12] . This latter issue is relieved by the new high-speed intracoronary imaging systems requiring only a short flush for full imaging of a coronary artery [15] .
The aim of this study was to compare the ability of OCT and VH-IVUS to classify plaque and to assess the performance of a combination of the two modalities to identify different plaque types, with an eye to future development of new devices. While a few in-vivo studies have been published [14, 26] , in this work we present the first comparison between VH-IVUS and OCT, using histology as a benchmark.
Methods

Study population
Between June 2007 and January 2008, 14 coronary arteries have been collected from 14 human hearts acquired during autopsy (57% men, 12 left anterior descending arteries, 2 right coronary arteries, mean age 64) at the Department of Pathology of the Erasmus MC. All patients died of non-coronary causes.
Permission to use autopsy material for scientific study was obtained from the relatives. This study was approved by the local institutional review board.
Tissue preparation and data acquisition Atherosclerotic human coronary artery segments were excised from the heart and imaged within 36 h postmortem. During the excision all side branches were closed with sutures. The arteries were mounted between 2 sheaths in a water tank filled with physiological saline. A water column system, also containing physiological saline solution, was connected to the proximal sheath, to pressure-load the vessel. The vessels were pressurized to 100 mmHg to close up remaining leakages.
The vessels were imaged with OCT (M2-CV and ImageWire 2 catheters; Lightlab Imaging, Westford, MA) and IVUS (In-vision Gold; Eagle-Eye TM 20 MHz catheters; Volcano, Rancho Cordova, CA). Regions of interest (ROIs) were selected based on the presence of plaque and plaque size by grayscale IVUS. ROIs were marked with a needle. After imaging the needle was replaced by a suture.
ROIs were first imaged with the IVUS-system, followed by OCT. The vessels were pressurized to 100 mmHg for imaging. For IVUS, the vessels were kept at room temperature 20 ± 2°C; OCT was performed at 37°C [27, 28] .
After imaging, the artery sections were pressure fixed at 100 mmHg in formaldehyde for 24 h at room temperature, and subsequently stored in formaldehyde at 4°C for further processing. Vessels were partially decalcified for 24 h in formic acid [29] . After fixation and decalcification, sutures marking the imaged cross-sections were replaced by ink dots. The tissue was embedded in paraffin and sectioned at the ink markers for histological staining. Each imaged cross-section was stained with Hematoxylin-Eosin (H&E), Picrosirius red, Elastic van Gieson (EvG) and immunohistochemical stain CD68.
Data classification
Plaques were characterized in the images acquired with the two modalities, as well as in histology. As histological tissue slices are much thinner (5 lm) than the thickness sampled by OCT (25 lm) or IVUS (*200 lm) [30, 31] there is an unavoidable sampling error. Imaged cross-sections that were obviously mismatched with histology, based on anatomical features (such as plaque shape, presence of small side branches) were removed from the data set before analysis.
OCT
Classification of OCT was based on characteristics as mentioned in Table 1 by two experienced OCT readers [12, [32] [33] [34] [35] . Because of the limited depth of imaging and the limited penetration in OCT, tissue types could not be expressed as percentages of the intima like in VH-IVUS, but had to be based on qualitative assessment of the visible part of the OCT image. In crosssections with no visible cap, defined by a transition of signal from homogeneous signal rich to otherwise, the cross-section was classified as intimal thickening. In presence of a cap the dominant tissue type behind the cap was used to assess lesion type.
VH-IVUS
In this article, we will refer to IVUS RF data analysis as VH-IVUS (Volcano, Rancho Cordova, CA, USA), since we used that technology specifically. VH-IVUS constructs tissue maps that classify plaque into four major components (fibrous-green, fibrofatty-light green, NC-red, and dense calcium-white) [36] . Data were acquired, and B-mode images were reconstructed from the RF data by customized software (pcVH 2.2, Volcano Corporation), which allows a semiautomatic detection of the lumen and the media-adventitia borders and provides the compositional parameters. VH cross-sections were quantitatively measured and were classified as one of the categories described in Table 1 by an experienced analyst that was blind for pathological and OCT findings [32, 33, 37] .
Combined OCT and VH
After independent analysis of each technique, plaque type was evaluated in a side-by-side visual assessment of VH-IVUS and OCT cross-sections. The criteria in Table 1 were applied for both techniques. If the classifications diverged between VH-IVUS and OCT, signal rich regions in OCT overruled VH-IVUS tissue characterization. In signal poor regions in OCT, VH-IVUS overruled OCT. This choice was made because a loss of OCT signal can occur due to artifacts, whereas artifacts are unlikely to cause a gain in image intensity.
Histology
Histological cross-sections were characterized by two observers blinded for the VH-IVUS and OCT results. Characterization was done by making a map of all the cross-sections, with color coding for different types of tissue, separating fibrotic tissue, lipid pool, necrotic core and dense calcium. In case of disagreement between the two pathologists, pathologist 1 and pathologist 2 re-evaluated the slides and reached a consensus diagnosis. Classification of cross-sections was done based on the American Heart Association (AHA) classification of 1995 [32, 38] , distinguishing four categories of advanced lesions: fibroatheroma (FA; type IV and Va), intimal thickening (IT; type Vb), fibrocalcific (FC; type Vc), and complicated lesions (type VI; comprising thrombus, rupture, and hemorrhage). 
Results
OCT and VH-IVUS imaging, with positively matched histology, succeeded in 36 cross-sections in 9 of 14 vessels. In 5 vessels, imaging with either technique, or analysis of the acquired data, failed. Reasons for failure were inability to pass the IVUS catheter through the artery (VH-IVUS); catheter placement against the lumen wall, complicating border definition (VH-IVUS); and inability to image the full crosssection (OCT). A number of imaged cross-sections were removed from the data set because of anatomical mismatch (5 cases) or due to loss of the marker needle after imaging (1 case). Table 2 lists the results of the comparison between histology and OCT; VH; and VH and OCT combined for the 36 cross-sections. OCT correctly identified the lesion in 24 cross-sections, VH-IVUS in 25, and OCT and VH-IVUS combined in 27. Figure 1 shows misclassifications separated per plaque type; only misclassifications occurring more than twice are included. Systematic misclassifications were mainly IT classified as FA (8 times) in OCT; FA as IT (5 times) in VH-IVUS; and FA as IT (4 times) in OCT and VH-IVUS combined.
Discussion
Results of this study
The results in Table 2 demonstrate that the classifications by both OCT and VH-IVUS agree with histology in most cases. Figure 2 illustrates a representative example, where both OCT and VH detect a fibroatheroma (with calcification), which is in accordance with the histological classification. We found that plaque classification by OCT and VH-IVUS combined was successful in more cross-sections than either technology alone, although the differences are small.
We encountered a high dropout rate of 28% (14 out of 50 lesions). Most of these were caused by problems during data acquisition, as presented in the Results section. About one third of the dropouts were removed from the data set because of a bad anatomical match between image data and histology, caused by the different slice thicknesses sampled by the imaging techniques and histology. This category of dropouts may be reduced by adopting a more elaborate histology slicing protocol, sampling 0.5-1 mm around every marked site [30] . Table 2 shows that the imaging modalities classify some lesions more reliably than others. Some features stand out in particular. We separate the discussion if these findings per technology. . Figure 1 shows that 8 of these were IT in histology, which should appear homogeneously bright in OCT.
Imaging artifacts can lead to signal loss and apparent heterogeneity in the image, leading to misclassification of a stable lesion as a potentially unstable one.
We have not performed a systematic study of OCT artifacts, but found several examples in which shadowing by impurities in or on the catheter caused diffuse signal-poor sectors [39] , as well as dark areas apparently associated with catheter position relative to the vessel wall. Of the lesions classified as FAs by OCT, three were measured to have a thin fibrous cap (\65 lm). One of these apparent TCFAs was a complicated lesion with intraplaque hemorrhage, for which no OCT criterion exists. No actual TCFAs were found by histology.
VH-IVUS
VH-IVUS correctly classified 25 out of 36 lesions. All but one of the FA plaques were interpreted as IT, making up half of the misclassifications, and indicating a high false-negative rate for FA (1 out of 6 correctly classified). The reverse (IT interpreted as FA) was also observed three times. In VH-IVUS, classification is an automatic process, giving less inter-observer variability, but complicating the explanation of errors in VH-IVUS compared to histology.
VH tissue characterization depends strongly on correct drawing of lumen and adventitial borders. The lumen border was not always clear in our data because of proximity of the catheter to the vessel wall, while part of the adventitial border was sometimes obscured by dorsal shadowing of calcium. Identification of the lumen border is facilitated in vivo by tissue and pullback motion. In our study, cross-sections were imaged in vitro, creating a possible disadvantage for this technology.
OCT ? VH combined
Combining the image data of both techniques yields the highest rate of successful classifications: 27 out of 36, although the difference with either technique alone is small. As with VH-IVUS alone, a high falsenegative rate for FA is observed (2 out of 6 correctly classified). The systematic error in OCT classification (high false-positive rate for FA) has been reduced.
In 15 cases, classifications from both techniques diverged. Out of these, the combined classification followed VH in 13 cases (using the rule: in OCTsignal rich regions, OCT overruled VH-IVUS tissue characterization; in OCT-signal poor regions, VH-IVUS overruled OCT). This means that five correct OCT classifications were reversed by VH-IVUS: overall, VH added useful information to OCT, particularly in cases where OCT misclassified IT plaques as FA. Criteria for classifying VH-IVUS combined with OCT have not been independently validated and can likely be improved using larger datasets. Comparison with literature Manfrini et al. [38] were the first to apply the American Heart Association criteria to lesion classification with OCT. That study showed a sensitivity of 45% for FA, 68% for calcified lesions and 86% for fibrotic lesions. The limited size of our study did not permit reliable calculation of sensitivities and specificities, but a rough comparison can be made. Our results suggest a similar sensitivity for the detection of FA (4/6 correctly classified; 67%), and a lower one for fibrotic plaque, categorized in our study as intimal thickening (19/28 correctly classified; 68%). Recent studies in OCT showed difficulties detecting TCFA in OCT and in characterizing plaques with OCT [14, 38] . Misclassifications were reported as a result of limited penetration depth, problems in distinguishing lipid pool from calcifications and vice versa, or heterogeneity of necrotic cores, consisting of necrotic debris and calcifications [12-14, 26, 38] . Heterogeneity inherently introduces a degree of arbitrariness in plaque classification. The accuracy of OCT plaque classification may be increased with the use of quantitative analysis techniques for tissue characterization [40, 41] .
Diethrich et al. [37] report a sensitivity of 89% of VH-IVUS for detection of IT, which is in agreement with our results (24/28 correctly identified, 86%). We find fewer FAs (1/6 identified, 16%) than expected by Diethrich's study (54%). Our sample size is too small to draw definitive conclusions, however our results appear to be more in line with previous findings of Granada who reported lower sensitivities and specificities [42] .
Our OCT data show a relatively high number of false-positives for FA: fibrous or fibrocalcific lesions were classified as FA in 9 cross-sections; three of these were measured to have a thin cap. A recent study describes the low incidence of histologyderived TCFA and FA (1.5% and 10.5% of advanced lesions, respectively) [43] . In the light of these data on natural incidence of FA and especially of TCFA, and our observed false-positive rate, the positive predictive value of OCT, an important parameter in rare incidence, could be small for these clinically significant plaque types. Since the group of nonTCFAs appears to be 98.5% in advanced lesions, the finding of a TCFA in OCT must be regarded with caution, and corroborated with other evidence if possible. An in-vivo study by Sawada et al. [14] combined VH-IVUS and OCT for detection of TCFA. Only lesions classified as TCFA both in OCT and in VH-IVUS were considered real TCFAs. This definition is indeed a sensible one, as the resolution of VH-IVUS is insufficient per se to identify thin caps, and OCT is seen to suffer from many false positives.
Limitations of this study
The conclusions to be drawn from this study have to remain tentative for three reasons. The first of those is the limited size of our data set. We have opted to discuss our results in a qualitative fashion, looking for repetitive features in the classification performance of the different techniques as illustrated in Fig. 1 . As mentioned above, reliable calculation of sensitivity and specificity for the classification of plaque type is not warranted by our small set of samples.
A second observation is that our data set, containing predominantly fibrotic lesions, is more homogeneous than expected, based on the literature [33] . We speculate that our selection of patients dying from non-cardiac causes may have skewed the plaque type population in this study. This fact should be borne in mind when extrapolating our results to the patient characteristics typically found in a cardiology clinic. Clinical applicability of our results is inherently limited by the in vitro setting of our experiments: the absence of cardiac motion, blood and body temperature (in the case of VH-IVUS). Body temperature has a documented effect on the OCT signal [28] , and was maintained during OCT acquisition.
A final consideration relates to the definition of classification criteria. The criteria for combined OCT ? IVUS analysis, in case of disagreement between the two, are based on the physics of the imaging techniques, but have not been validated in an independent study. In addition, no classification criteria exist for complicated lesions in VH, and only for the AHA type VI subsets of thrombus and ruptured plaques in OCT. We found only one complicated plaque, containing hemorrhage, which could-by definition-not be identified. Had we found several complicated plaques, our results would have been noticeably biased.
Conclusion
In conclusion, we have compared plaque classification by OCT, VH-IVUS, and a combination of both. The combined data yielded more correct classifications than either technique alone, although differences were small. In vitro studies with larger sample sizes are needed to assess the added value of combining OCT and VH-IVUS. VH-IVUS showed a high-false-negative rate for fibroatheroma, while in the OCT data, we found a large number of false positives for this plaque type. Our findings merit a more thorough investigation of OCT artifacts, as we have seen them to significantly bias image interpretation.
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